Introduction
============

Recent studies by Dubey and Ben-Yehuda ([@B3]) reported in the journal Cell indicate that intracellular molecules including metabolites, protein, mRNA, and plasmid DNA may be readily transferred between adjacent bacteria via nanotubes (Dubey and Ben-Yehuda, [@B3]). The phenomenon is reportedly restricted to cells grown on solid surfaces and specifically induced under this growth condition. Transfer of cellular contents was visualized using green fluorescent protein, GFP to monitor the gradual appearance of fluorescence in cells that did not carry the gene. The presence of nanotubes was visually confirmed by scanning electron microscopy and revealed projections distributed in a non-specific manner on the cell surface of both laboratory and undomesticated strains of *Bacillus subtilis*. High-magnification analysis of a typical tube revealed a structure comprised of outer and inner layers that hinted at a multilayered membrane structure typical of bacterial membranes. Transfer was observed most rapidly between neighboring cells, but also in cells distal from GFP-positive cells consistent with observations of numerous connections between neighboring cells including a reduced number of elongated connections.

Active transport was visualized within nanotubes connecting neighboring cells using gold particles directed at GFP to corroborate an intercellular path for molecular exchange. In order to establish that transfer did not involve acquisition of material released into the extracellular medium, transfer of calcein was evaluated. Once taken up by the cell, endogenous esterases convert calcein into a fluorescent hydrophilic product (623 Da) that is unable to traverse membranes and is considered trapped within the cytoplasm (Tiberghien and Loor, [@B19]). Additionally, if released from the cell following autolysis, the esterified product is unable to cross the cellular membrane. Consistent with prediction, this fluorescent molecule was observed to accumulate over time in recipient cells. Although most of their efforts demonstrated transfer between organisms in close contact, the authors point out that "...as time progresses, GFP-negative cells not directly contacting GFP-positive cells, also gained a fluorescence signal...". This appears to suggest a possibility for temporary or transient contacts occurring between bacteria or more likely given their growth on solid surfaces that there is interaction over long distances. Exchange was also shown to occur in both directions; i.e., a two-way exchange, as revealed by the ability of both strains to transiently express dual antibiotic resistance. Of note, was the additional possibility that transcripts are also being traded among the cells. Finally, and most importantly, the creation of nanotubes and the transfer of intracellular protein and DNA was demonstrated to occur between unrelated genera suggesting a potential basis for the broad distribution of antibiotic resistance.

Analysis
========

Intercellular nanotubes bridge adjacent cells and generate a network of tubular conduits enabling the exchange of cytoplasmic content. The speed of transfer is suggested to inversely correlate with the size of the molecule based on comparison of calcein and GFP transport, as well as, the length and the diameter of the nanotubes that join both neighboring and distal cells. The composition of the nanotubes is suspected to be similar to bacterial membranes based on their general appearance in TEM and demonstrated sensitivity to treatment with low concentration SDS. Transfer appears to progress as a normal part of growth and replication of the organism linking the cytoplasmic contents of multiple cells containing proteins, RNAs and metabolites. In contrast to more specialized systems, nanotubes appear to serve as simple conduits allowing the cytoplasmic contents of cells to mix. Although basic in design, the absence of any apparent specific function and their ubiquitous presence could have vast implications with regard to the acquisition or sharing of hereditary traits. Although the experiments described in the previous paragraph document a surprising level of exchange of intracellular contents via nanotubes, of greater potential impact is the transfer of antibiotic resistance. The critical nature of these findings brings to mind early experiments in bacterial genetics and in the birth of molecular biology.

Upon first glance, the current experiments appear to lack the scientific rigor associated with early experiments used to define the exchange of DNAs referred to as mating, known now as conjugation. However, after more careful consideration one should realize that the apparent shortcoming of the current experimentation reflects their relatively early stage of development. Over time, the scientific method will demand that additional experiments be performed and the mechanism behind this phenomenon explained, and the validity of the claims made and the findings documented will be readily acknowledged or forgotten. Yet, the potential for exchange of hereditary material is so broad, and the potential promise for future prevention of infectious disease so great, that comparison with the earlier work is only natural.

In making such comparisons it must be remembered that the pioneering experiments of Joshua Lederberg documenting exchange of bacterial DNA came on the heels of seminal experiments of Avery et al. documenting transformation of "R" pneumococci to virulent "S" form to prove that genes were composed of DNA (Avery et al., [@B1]). In 1945 Lederberg proposed that mixing auxotrophs at elevated concentrations would result in the isolation of billions of prototrophic bacteria (Lederberg, [@B10]). Experiments performed by Beadle and Tatum had previously identified nutritional mutants in *Neurospora*. However, genetic studies in bacteria were hampered by adherence to classical genetic techniques that relied upon meiosis and the fusion of gametes. Fortunately, despite these limitations, Lederberg prevailed upon Tatum to obtain mutants in *Escherichia coli* K12 defective in more than one nutritional requirement (Brock, [@B2]). These mutants proved to be invaluable in the discovery of bacterial genetics and arguably the history of molecular biology. Similar to the experiments described by Dubey and Ben-Yehuda ([@B3]) elevated concentrations of cells on solid media were thought to be necessary to ensure detection of infrequent events. In initial experiments using auxotrophic mutants containing single defects transfer between related or unrelated bacterial strains was undetectable. Based on earlier experiments using single genetic defects, Lederberg recognized spontaneous reversion rates provided a high enough background of prototroph isolation to prevent observation of a significant number of possible matings. In order to enhance the sensitivity of this approach, double mutants would greatly reduce spontaneous reversion to prototrophy and would therefore provide greater sensitivity for detecting the exchange of DNA. Successful demonstration of transfer came with the growth of bacteria on solid media after mixing two genotypes *thr*^−^ *leu*^−^ and *bio*^−^ *met*^−^ *thi*^−^ (Lederberg and Tatum, [@B11]). Not only did the results indicate the exchange of DNA, "mating" between bacteria, the frequency of appearance confirmed the basis for the failure of previous attempts using single mutations, i.e., the rate of reversion was nearly identical to the spontaneous rate of appearance of prototrophs. Of course questions remained. Could autolysis have resulted in the availability of DNA to be taken up by the recipient cells? To disprove this possibility, filtrates were used to demonstrate that this was not a source of transformation (Lederberg, [@B9]; Tatum and Lederberg, [@B18]). However, not completely satisfied with this experiment, Avery suggested, and Lederberg later confirmed that the use of DNase treatment confirmed that the release of DNA did not play a role (Brock, [@B2]). Additional considerations including the secretion of metabolic intermediates to support growth or cross-feeding were progressively eliminated by (i) the use of a U-tube to demonstrate that physical contact was necessary for this phenomenon to occur, and (ii) meticulously purifying and repurifying the prototrophic recombinants including the use of UV irradiation to reduce the number of viable cells within colonies to a singular viable prototroph. Thanks to the work of Hayes we now know that donor strains contain a fertility factor or conjugative plasmid and that donor or F^+^cells promote the unidirectional transfer of hereditary rather than non-hereditary material into recipient or F^−^ cells (Hayes, [@B6],[@B7]). Furthermore, integration of this conjugative plasmid into the bacterial genome promotes transfer of the entire chromosome into the recipient cells and was used to map the *E. coli* genome.

In the experiments performed by Dubey and Ben-Yehuda ([@B3]), transfer of non-hereditary phenotypes was first demonstrated using GFP and calcein fluorescence. These experiments documented the appearance of increased transfer over time in a manner that suggested an inverse relationship between accumulation of fluorescence and the distance between donor and recipient cells. Confirmation of direct transfer was revealed by the appearance of fluorescent calcein within recipient cells. Certainly a result that is consistent with transfer via nanotubes, but in order to improve acceptance of these results, the authors should be urged to consider the use of better controls that eliminate the potential for carryover of extracellular calcein or to prove that metabolically active cells are essential to transfer. Consider the possibility that extracellular calcein adhering to the cells could be carried over despite extensive washing causing the appearance of fluorescence in the recipients cells. Although the cells were washed extensively following incubation in calcein, there was no control provided that would account for potential carry over of calcein that may explain the appearance of fluorescence in the recipient bacteria. Additional controls for these experiments may include steps to demonstrate the absence of retention of active calcein on the outer cell surface and determine whether nanotubes are only associated with metabolically active bacteria.

The demonstrated transfer of fluorescent protein, suggested the potential to exchange proteins at a level that could potentially alter bacterial phenotype. In this case, the authors missed an opportunity to pay homage to earlier investigations by demonstrating the rescue of auxotrophs similar to the experiments of Lederberg, but perhaps more importantly failed to explore any potential link between the presence of nanotubes and the phenomenon known as bacterial adaptation. Presumably, the ready exchange of intracellular components would allow for greater variation within a colony/culture enhancing the flexibility of an organism to face future challenges. Despite these failings the researchers chose instead to evaluate an issue of serious current concern, i.e., the transfer of antibiotic resistance. Interestingly, the results revealed bidirectional transfer of non-hereditary antibiotic resistance. The frequency of transfer appears to be in the order of 1:700 cells based on the recovery of the Cm^R^ cells when selected for non-hereditary resistance to kanamycin. This frequency is much greater than the frequency of conjugation 10^−6^ to 10^−7^or plasmid transfer as documented by Dubey and Ben-Yehuda, 2011; below) and appears to rule out spontaneous appearance of antibiotic resistant mutants. Perhaps more importantly, these experiments provide the groundwork for experiments concerning a more serious concern, i.e., hereditary transfer of antibiotic resistance. Although there is some concern regarding potential for autolysis and subsequent acquisition of resistance, the potential dilution effect would conceivably rule out such a mechanism. Additionally, the use of antibody to the *cat* gene product to demonstrate accumulation of Cat over time in the recipient cells deftly avoided issues concerning spontaneous antibiotic resistance. Although protein was shown to transfer, demonstration of the transfer of RNA and metabolites were not. Evidence of RNA or metabolite transfer would have provided additional support for the general hypothesis, including the potential rescue of auxotrophic mutants and bacterial adaptation. Although the authors suggest that transfer of mRNA may be occurring in addition to transfer of the gene products, experiments designed to address this question were not performed. Possibilities include utilizing donor cells that are sensitive to inhibition of protein synthesis with resistant recipient cells to express the fluorescent protein.

Of course, the critical question is whether the exchange of cytoplasmic material might include transfer of DNA. Similar to previous experiments documenting the transfer of non-hereditary material, co-cultivation of bacteria was shown to result in the exchange of antibiotic resistance. The frequency of transfer was shown to be at least 1000-fold less than that observed with conjugative transfer. This result is somewhat surprising since the number and frequency of connections may be thought to be more numerous, based on the EM images, than via conjugation which was performed using a 1:1 mixture of donor to recipient. Perhaps the specialized design of the conjugation system enhances the transport of DNA. Finally, and perhaps most importantly, HR-SEM clearly revealed the presence of nanotubes formed between different organisms including *B. subtilis* and *Staphylococcus aureus* as well as *B. subtilis* and *E. coli* to confirm the ubiquitous nature of this phenomenon.

Impact on Bacterial Genetics
============================

Of obvious interest is the potential for exchange of non-hereditary and hereditary material between different bacterial species. The fact that bacteria share and exchange DNA is not a surprise. Filaments or intracellular channels in cyanobacteria have been shown to mediate the movement of small molecules. A similar phenomenon has been previously observed in archaebacteria, where non-conjugative plasmids were shown to reciprocally traverse from one cell to another and cytoplasmic bridges were detected between cells (Rosenshine et al., [@B14]; Schleper et al., [@B15]). The appearance of antibiotic resistant variants of critical pathogens has long been documented, but the general nature of the mechanism had not been recognized. Recognition of a mechanism provides a means of exploring its contribution to the spread of antibiotic resistance and hopefully used to prevent the development of superbugs. By targeting the mechanism responsible for nanotube formation exchange of antibiotic resistance and introduction into species and genera for which they are not typically found may be approached. However, these results suggest that evaluation of alternative systems for DNA transfers should not be ignored. Gram-negative bacteria create extracellular membrane vesicles (MVs) to trade information via packaged molecules (Lee et al., [@B12]; Schooling et al., [@B16]; Kitagawa et al., [@B8]; Prados-Rosales et al., [@B13]; Tashiro et al., [@B17]). Is it possible to exchange hereditary material using these pathways? Cell-to-cell exchange of information via signaling molecules belonging to low molecular weight autoinducers and signaling oligopeptides has been described for more than two decades.

There are at least six secretion systems characterized in bacteria that function to secret or inject proteins into the environment and in some cases directly into target cells to prepare them for infection (Durand et al., [@B4]; Fronzes et al., [@B5]). The type I, II, V, and VI transport systems appear to be designed for release of proteins into the neighboring environment to enhance survival, the best example being the hemolysin genes designed to rupture target cells. The type III and IV systems are of particular interest since they derive from bacterial systems for motility and conjugation and have been adapted in such as way as to inject proteins and DNA into the cell in order to prepare it for successful infection. The T4SS retains the ability to inject DNA into target cells as the progenitor conjugation system was designed to do. Whether this is used for exchange between bacteria has not been documented.

At this point there is little to go on concerning the precise purpose of these systems. Neighboring cells were shown to be connected by cytoplasmic tubes called "plasmodesmata" and the phenomenon was observed between disparate organisms including between Gram-positive organisms *B. subtilis* and *S. aureus*, and even between *B. subtilis* and the Gram-negative bacterium *E. coli*. Such broad reactivity has not been observed with classical conjugation systems. The fact that this phenomenon was not readily observed in liquid culture was interpreted as a sign of induction specifically under this growth condition. Although this cannot be ruled out at this point, alternative explanations include potential sensitivity to shearing forces when agitated in culture and indicates a propensity to detect such bridges when growing on solid surfaces or perhaps in biofilms. However, these results also suggest the potential for the presence of mixed populations of bacteria when grown on solid surfaces. The capacity of the progenitor organism to "sustain" more than one variant may enhance survival of the organism confronted with rapidly changing environmental conditions. The capacity for bacteria to anticipate such changes has been documented in so-called contingency loci, however, this rapid adaptation may simply reflect the ongoing accumulation of mutants that are maintained by cross-feeding by the progenitor organism.

The work of Dubey and Ben-Yehuda ([@B3]) provides the basic premise for exploration of at least two critical aspects of bacterial genetics. The first, is the broad range sharing of antibiotic resistance and the second is the apparent capacity of bacteria to anticipate changes in its environment. It should not be assumed that nanotubes represent the only mechanism behind either of these two phenomena, but the potential for being key contributors is obvious, and should be explored further. However, even more importantly documentation of such a general mechanism suggests that other general phenomenon should be examined for their contribution to these important events. If as proposed, nanotube-mediated cytoplasmic sharing represents a key form of intercellular bacterial communication in nature that includes communication by immediate transfer of information capable of crossing inherent species barriers, than we may go along way toward preventing the appearance of superbugs.

Summary
=======

Despite this carefully performed study the fact that bacteria remain divided into discrete genera and species suggests that the capacity to stably exchange DNAs may be limited, and at least for now, the phenomenon should be carefully studied with emphasis on resolving the following observations.

1.  \(1\) Is this mechanism responsible for the broad range genetic exchange responsible for the spread of antibiotic resistance?

2.  \(2\) Is there a restriction on the size of the DNA that may be transferred?

3.  \(3\) Does the exchange of cytoplasmic components play a role in bacterial adaptation?

4.  \(4\) Does transfer occur under unusual growth conditions designed to provide protection?

5.  \(5\) Is there a requirement for cell viability necessary for exchange?
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